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Introduction
The world's oceans cover approximately 72% of the Earth's surface and, at an average depth of 3800m, the deep-sea represents the major portion of the planet's biosphere (Somero, 1992) . As depth increases, so does the hydrostatic pressure, from 0.1 MPa at the surface to over 100 MPa in the deepest oceanic trenches: a thousand-fold range. Life, including macrofauna, is found at all depths, an observation that belies the extent to which pressure can affect biological function. Increasing pressure affects fundamental cellular processes such as enzyme activity, action potential propagation, synaptic transmission, and overall protein function and regulation (Campenot, 1975; Gross and Jaenicke, 1994; Somero, 1992) .
In marine animals two types of changes are known to occur that maintain protein function at elevated hydrostatic pressures: extrinsic (changes in cellular and / or membrane composition) and intrinsic (amino acid substitutions leading to modifications of protein structure). An extrinsic change common to many deep-sea animals is that of homeoviscous adaptation to maintain membrane fluidity (Behan et al., 1992; Eguchi et al., 1994; Hazel and Williams, 1990; Somero, 1992) . Another is the use of trimethylamine oxide (TMAO) to stabilize proteins (Yancey et al., 2014; Siebenaller, 1999, 2015) . Intrinsic amino acid changes that increase protein stability are also documented in several marine fish. A number of cytosolic proteins have been investigated in both shallow and deep living species (Stefanni et al., 2014) , including lactate dehydrogenase (Brindley et al., 2008; Campenot, 1975; Gross and Jaenicke, 1994; Hennessey and Siebenaller, 1987; Somero, 1992) , -actin (Morita, 2010; Swezey and Somero, 1982; Wakai et al., 2014) , and myosin heavy chain proteins (Morita, 2010) . These studies have demonstrated that proteins from deep-sea species are functionally less susceptible to increased pressure than those from shallow living species. However, although such studies have suggested that specific amino acid changes may contribute to protein functional adaptation due to increased hydrostatic pressure, very few have made the link between protein molecular evolution (i.e. changes in amino acid residues), specific amino acid physicochemical properties, and the bulk protein property (i.e. compressibility) that is under natural selection (Wakai et al., 2014) .
Transmembrane proteins, and in particular G-protein coupled receptors (GPCRs), are a diverse and extremely important class of proteins involved in cell signaling (Bockaert and Pin, 1999) . Several studies have demonstrated that GPCRs are extremely susceptible to perturbation by high pressures (Siebenaller and Garrett, 2002; Siebenaller and Murray, 1999; Somero, 1992) . The GPCR (i.e. opsin protein) based visual systems in many deep-sea organisms implies that these proteins have evolved to function within the increased hydrostatic pressures of the deep sea. Studying GPCR function relative to increased pressure is notoriously difficult, as removing the GPCR proteins from the membrane for manipulation alters the overall physiological function of the protein. Therefore, to investigate potential intrinsic changes that have evolved in GPCRs in high-pressure, deepsea environments, we obtained gene sequences of the transmembrane GPCR opsin from two independent taxonomic groups of marine animals: 122 species of teleost fish and 65 species of cephalopods, representing animals living at a wide range of depths. In fish we investigated the C-type rod opsin, Rh1, and in cephalopods the R-type opsin, representing the two main evolutionarily distinct groups of opsin proteins used in animal vision (Porter et al., 2012) . Furthermore, each opsin amino acid sequence provides a convenient analytical way to calculate the adiabatic compressibility of the protein by using well-tested empirical relationships based on the individual physicochemical properties of each constituent amino acid (Gromiha and Ponnuswamy, 1993 , and table 1 therein) (Table S1 ). Using these taxonomically diverse and independently evolved sets of sequences, we reconstructed the phylogenetic history of each set of opsins, calculate the compressibility for each protein, and use comparative evolutionary methods to look at the evolution of opsin protein compressibility in relation to living depth in order to test the hypothesis that species living at deeper depths have less compressible opsin proteins.
Materials and Methods

Taxon Sampling and Phylogeny Reconstruction.
Opsin sequence data were collected from GenBank for exclusively marine species from two major taxonomic groups: Rh1 sequences from 122 species of fish within the taxon Teleostei and rhodopsin sequences from 65 species of cephalopods (see Supplementary Data for full lists of species and accession numbers). Within both the fish and cephalopod datasets, multiple independent opsin lineages were represented that included shallow living, midwater, and deep-sea species (Figs. S1, S2, Table S1 ). Each DNA dataset was translated to amino acid sequence and aligned using the MAFFT v6 online server (Katoh and Toh, 2008) .
For the fish dataset, this resulted in an alignment of 281 amino acids, spanning from the beginning of transmembrane helix I to the end of transmembrane helix VII, and a cephalopod opsin alignment of 213 amino acids from the beginning of transmembrane helix IV to past the cytoplasmic helix VIII in the C-terminal tail.
The aligned datasets were used to reconstruct maximum likelihood phylogenies (Figures S1 (fish opsin) and S2 (cephalopod opsin) above) using Randomized Axelerated Maximum Likelihood (RAxML) v7.2.8 with rapid bootstrapping (100 iterations) as implemented on the Cyberinfrastructure for Phylogenetic Research (CIPRES) Portal v3.1 (Miller et al., 2010; Stamatakis, 2006) . Based on preliminary phylogenetic analyses including non-teleost sarcopterygian and agnathan marine fish (e.g. Latimeria and
Petromyzon, respectively), the opsin from Clupea harengus (EU492243) was determined to be the basal marine teleost sequence, and therefore was used to root the phylogeny.
Based on preliminary phylogenetic analyses including non-cephalopod molluscs (e.g the bivalve scallop, Mizuhopecten yessoensis AB006454), the opsin from Vampyroteuthis infernalis (AY545563) was determined to be the basal cephalopod sequence, and therefore was used to root the phylogeny.
Depth and Compressibility Calculations.
For each species in the opsin datasets, median depth was calculated from catch depth records obtained from the Ocean Biogeographic Information System (OBIS) website (UNESCO) ( Table S1 ). Species with less than five catch records were removed from the dataset. For the remaining species, all records were used to calculate a median catch depth.
For the analyses of positive selection, species with median catch depths of 500 m or deeper were considered to be deep-sea species. This was chosen as a conservative measure of depth, given the biased nature of catch depth data, which are skewed towards shallow depths.
Adiabatic compressibility (s) is the relative change in the volume of the system per unit adiabatic change in its pressure, and can be estimated for proteins based solely on amino acid sequences (Gromiha and Ponnuswamy, 1993) . Briefly, the twelve amino acid properties with the highest correlations to experimentally determined protein compressibility were used to compute a regression equation (Gromiha and Ponnuswamy, 1993, eqn. 5 Using this empirical relationship developed from experimental data, protein adiabatic compressibility can be calculated from its amino acid sequence alone; for each specific property, the total number of each amino acid type, multiplied by that specific property value, is summed across all 20 amino acids. To automate these calculations, a program was written in LabView 2010 (National Instruments) to calculate s for a given amino acid sequence (available upon request). To ensure that calculations were comparable across species with different portions of the opsin protein sequence available, we conducted tests comparing the calculated compressibility of an entire opsin protein to compressibility of datasets with the N-and C-terminal tails not included or including just the transmembrane or just the loop regions. These tests showed that the trend of less compressible opsin proteins in deeper living species was detected in all dataset partitions, although strongest in the transmembrane portions of the protein. Therefore, we proceeded to use our program to calculate the compressibility of every opsin amino acid sequence in both aligned datasets generated for phylogeny reconstruction (see below), representing ~48% of the total cephalopod and ~80% of the complete fish rhodopsin proteins.
Phylogenetic Comparative Analyses
For both squid and cephalopod datasets, we investigated the relationship between calculated opsin protein compressibility and mean catch depth for all species, using phylogenetic generalized least squares (PGLS), which accounts for the shared evolutionary history of genes. PGLS regressions were run in the 'caper' package of the software program 'R' with ultrametric phylogenies estimated using the 'chronopl' function in the APE package (Orme, 2012; Paradis, 2006; R Core Team, 2014; Sanderson, 2002) . The appropriate degree of phylogenetic signal in the residuals was accounted for by simultaneously estimating
Pagel's lambda. For analyses, the median depth data were normalized by a log10 transformation.
Identifying selective influences due to hydrostatic pressure
We used the program TreeSAAP v3.2 (McClellan and Ellison, 2010; Woolley et al., 2003) to test for selection within the aligned opsin datasets used for phylogeny reconstruction on the 12 specific amino acid properties controlling protein compressibility (see above for list).
This method is based on the magnitudes of property change due to amino acid residue replacement as inferred across a phylogeny (McClellan et al., 2005) , and has been demonstrated to be a more sensitive method for detecting positive selection than more common dN/dS based methods (Garb and Hayashi, 2013; McClellan et al., 2005; Porter et al., 2007; Wang et al., 2015) . Because we are interested in the evolution of the opsin protein in response to the increased hydrostatic pressures of the deep-sea, we targeted sites identified to be under positive destabilizing selection, defined as selection for radical amino acid property changes (McClellan et al., 2005) . In terms of the TreeSAAP analyses, positive destabilizing selection is defined a priori as properties with significantly greater amino acid replacements than neutral expectations for the most radical property change categories (e.g., magnitude categories 7 and 8).
We first identified properties within our set of twelve with significantly more observed than expected numbers of changes in radical categories at the P ≤ 0.05 level. For these properties, we then looked for where the radical changes occurred along branches within the phylogeny leading to deep-sea species and therefore may be contributing to the observed decrease in adiabatic compressibility of the opsin protein with depth. Finally, we identified the specific amino acid residues where the radical changes occurred in the deepsea lineages. For this study, a deep-sea lineage was defined as a monophyletic clade of opsin sequences from species determined to be deep-sea based on our criterion of a median catch depth of 500m. To investigate the structural and functional consequences of the residues under selection, the identified sites were mapped onto a high-resolution rhodopsin template (e.g. for fish Rh1 the bovine rhodopsin crystal structure, 1U19 (Okada et al., 2004) ; for cephalopod opsins the squid rhodopsin crystal structure, 2Z73 (Murakami and Kouyama, 2008 ) from the Protein Data Bank (Berman et al., 2000) using the program SwissPdbViewer v3.80b0 (Guex and Peitsch, 1997) .
Results
Opsins in Deeper Living Species are Calculated to be Less Compressible
For both the fish and cephalopod groups, we calculated the opsin protein compressibility and compared this with the animals' median recorded living depth within a phylogenetic framework. The reconstructed opsin phylogenies for both fish and cephalopods contained multiple independent lineages inhabiting deep-sea habitats (see Supplementary Figures 1-2 ). Separate phylogenetic statistical analyses on each group revealed similar relationships between the compressibility of the opsin and the species' living depths. Specifically, a phylogenetic generalized least squares (PGLS) analysis of both fish and cephalopod opsins showed that the calculated protein adiabatic bulk compressibility is significantly lower (p=0.001 and 0.003, respectively) in deeper living species (Fig. 1) .
Positive Selection on the Physiochemical Properties that Define Protein Compressibility
To investigate if this relationship is due to an intrinsic adaptation in protein structure, we used further comparative evolutionary statistical methods (Woolley et al., 2003) to look for evidence of positive destabilizing selection acting on the twelve amino acid properties that define overall protein compressibility (Gromiha and Ponnuswamy, 1993) . Positive destabilizing selection is defined as selection for radical change in specific amino acid properties (e.g. large changes in property values), leading to structural or functional shifts in local regions of the protein (McClellan et al., 2005) .
As a conservative measure that these molecular adaptations were a common intrinsic mechanism that reduced opsin compressibility, we looked for radical changes occurring across three or more independent deep-sea lineages, either within or across our two datasets. We then identified the opsin residues at which radical changes had occurred across the phylogeny to examine the effect of this positive destabilizing selection on protein structure. Using the criterion of radical change in three independent lineages, we identified seven sites in teleost fish occurring in transmembrane helices I (bovRH# 50), III (bovRH# 114, 124), IV (bovRH# 165), V (bovRH# 213, 217), and VI (bovRH# 271) ( Table 1) . Some of these sites that contribute to the observed decrease in compressibility in deep-sea species occur on the outer face of the protein, particularly in helices IV and V (Figure 2A) . Similarly in cephalopods, we identified two sites (squidRH# 355 and 356, corresponding to bovRH#341 and 342) in the C-tail that had radical property changes in three deep-sea lineages ( Figure 2B ). When combining the two datasets, four sites at similar structural positions in extracellular loop II and helices VI, V, and VI were found in three or more deepsea lineages (squidRH#159, 196, 209, and 284; corresponding to bovRH#160, 198, 212, and 275 ; Figure 3 , Table 1 ).
Looking across both teleost and cephalopod data, the amino acid sites under selection had a significantly greater than expected number of radical amino acid property changes in 6 of the 12 examined properties that define protein compressibility (Table 1) Interestingly, a large percentage (31.4%) of the significant radical changes observed in deep-sea fish and cephalopod opsins considered together were in the amino acid property, Pt, turn tendency (Table 1) , a property of amino acids that indicates their likelihood of being associated with abrupt changes in orientation (Chou and Fasman, 1978) .
Discussion
Evolution of Protein Compressibility
By using comparative evolutionary methods, we have calculated that the opsin proteins of deeper living teleost fish and cephalopods are less compressible. This is due to positive destabilizing selection of the amino acid properties controlling the protein's compressibility, and in particular the property Pt, turn tendency, and through a common motif of opsin sites.
Although previous studies have demonstrated that individual amino acid compressibility may play a role in the evolution of visual pigment function in relation to spectral tuning (Porter et al., 2007) , this is the first study to link selection on specific amino acid properties to the evolution of overall protein compressibility in high pressure (e.g. deep-sea)
environments. Further studies would improve our understanding of whether selection of these particular properties is universal across other GPCRs as an evolutionary adaptation to high-pressure environments. The dominant feature of why hydrostatic pressure affects biological systems, and in particular membrane-based ones, is that physiological or biochemical processes lead to changes in system volume (Benz and Conti, 1986; Somero, 1992) . Decreases in protein adiabatic compressibility help maintain normal structural function in response to increases or variation in hydrostatic pressure (Gekko and Hasegawa, 1986) . In fish opsins, many of the sites under selection for properties controlling protein compressibility occur in the middle of transmembrane helices and may provide a more stable helix structure under increased pressures (Figure 2A ). In particular, two of the identified residues are found in helix III and one in helix VI; both of these helices move to open the G-protein binding site upon visual pigment activation (Farrens et al., 1996) . By stabilizing the helix structure these amino acid substitutions may maintain the space required for helical movement upon protein activation. When looking across both fish and cephalopods, the structural placement of the four residues identified as undergoing selection as an adaptive response to increased pressure suggests a second mechanism of maintaining protein function. Many GPCRs are known to form dimers, and this structural conformation is critical to proper function (Bulenger et al., 2005; Comar et al., 2014; Morita, 2010; Swezey and Somero, 1982) . Additionally, proteins that form oligomeric assemblies are highly susceptible to functional changes at even modest pressures (Hazel and Williams, 1990; Morita, 2010) . The dimer interface for most GPCRs, including cephalopod and bovine rhodopsins, has been reported to lie on the outer face of helices IV and V (Bockaert and Pin, 1999; Bulenger et al., 2005; Fotiadis et al., 2003; Liang et al., 2003) where the residues that we have identified as being under selection in both fish and cephalopod opsins are located.
These results raise the intriguing possibility that the observed changes at sites on the outer faces of helices IV and V are adaptations to preserve stable dimer interactions by maintaining protein shape and configuration, perhaps to avoid steric clashes between amino acids in close adjacency, allowing opsin dimers to function correctly under high hydrostatic pressures. Dimer interactions may be particularly important in opsin activation, as recent evidence has suggested that the activation of the phototransduction cascade relies on the rhodopsin homodimer being part of a heteropentameric rhodopsin / transducin complex (Jastrzebska et al., 2011) . Adaptations to maintain dimer interactions under pressure may be a common theme in GPCR evolution in the deep sea. Future studies should use similar methods to look at a broader set of GPCRs to look for evidence of this common theme, as well as use mutational studies to elucidate the role of these sites in dimer interactions and opsin activation. Moreover, molecular dynamics simulations and experimental high-pressure X-ray scattering studies represent two further avenues that should be pursued. Data collected using these techniques would help create a detailed understanding of the effect these site specific amino acid changes have on the system volumes at a range of physiologically relevant pressures. 
